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Physiographic Setting

Middle Ground Shoal and Lucas Shoal extend nearly parallel
to the axis of Vineyard Sound, Massachusetts (Fig. 1, 2). Their
crests rise to depths of 7 to 8 m except at the northeastern end
of Middle Ground Shoal, where water depths are only 2 to 3 m.
Vineyard Sound is generally shallower and flatter-floored north
of the shoal than south; to the south, depths increase to almost
30 m in a distance of less than 1 km from the axis of Middle
Ground Shcal. The southeast flank of the shoal is much steeper
than the northwest flank. The shoal is covered with fairly well
rounded coarse sand (median size 0.87 mm), in contrast to the
surrouncding glacial till (Smith, 196%a). Median size is somewhat
smaller, 0,2-0.5 mm, at the eastern tip of Middle Ground (Owen
et al., 1967). Samples from sand-wave crests are substantially
coarser than those from troughs.

The overall circulation in Vineyard Sound reflects a semi-
diurnal tidal period. Ebb velocities (toward the southwest)
reach 2.8 knots (l.42 m/sec) near Middle Ground Shoal, and are
generally uniform across the width of the sound, whereas flood
velocities (toward the northeast) reach 3.9 knots (1.98 m/sec)
near the shoal, and show significantly higher velocities south
of the shonal axis than to the north. Fig. 1 shows an example
of tidal ellipses mezsured at two locations in Vineyard Sound
by others. The net circulation in the sound is counter-
clockwise, the northern side being dominated by ebb flow and the

southern side by flood flow.
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BATHYMETRY OF MIDDLE GROUND & LUCAS SHOALS

(USC &GS CONTOURS FOR VINEYARD SOUND; .
LORAN-C NAVIGATION DATA FOR MIDDLE GROUND)

1 2
DEPTH CONTOURS IN FEET
% TRANSPONDERS

Figure 1. Chart of Vineyard Sound, Massachusetts, showing the
general area of study on SW Middle Ground Shoal and typical
tidal ellipses (contours from USCGGS chart).
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Navigation

Precision navigation and the ability to plot ship's posi-
tion in real time were essential. Previous studies of sand-wave
migration in other areas give yearly migration rates ranging from
0 to 150 meters per year (Jones et al., 1965; Salsman et al.,
1966; Terwindt, 1971; Langhorne, 1973; Pasenau and Ulrich, 1974;
Boothroyd and Hubbard, 1975; Dalrymple et al., 1975; Bokuniewicz
et al., 1977; Dalrymple, 1977). Studies using more sophisticated
navigation systems (Pasenau and Ulrich, 1974; Bokuniewicz et al.,
1977) suggest a flexing mode of migration in which different seg-
ments of a sand wave advance at widely varying rates. Even if
sand waves on Middle Ground Shoal migrated tens of meters per
year, monthly mappings would need a prerision of plus or minus a
few meters to record month-to-month displacements. In addition,
one's ability to place instrumentation at selected sites along
a transect over a single sand wave in order to measure the velo-
city field over that wave requires positioning precision at least
as good. Finally, in order to map completely a study area with
nearly parallel track lines, real-time plots of ship position
are needed during each survey.

To meet these requirements a TRANSNAV 6C00 acoustic trans-
ponder navigation system (manufactured by Ocean Research Equip-
ment, Inc., Falmouth, Massachusstts; ORE) was leased. For reasons
of expense, a fixed baseline aligned NE-SW along the axis of the
shoal and defined by a permanently emplaced acoustic transponder
at each end was used in conjunction with a third transponder,
positioned off the baseline and deployed only during each survey '

(Fig. 3).
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. TRANSPONDER SITES

ATRANSPONDER
O 30/78-5/?] 78
1 6/27/78-5/78
Cortours of Depth 2 3/20/78- 7113/79
below r\(Aean Sea 2 3/204‘;2-%;571/7753
Level (m 6/27/78-

) %3 5 115/78-117/78
6 8/7/78-8/11/78

Figure 3. Locations and time periods of transponder deployment sites relative

to nean depth below sea level. Dashead band outlinas area of symmetric sand waves. =




At first we marked the l:cation of these transponders with
surface buoys in an effort tc ward off fishermen from damaging
their nets and disrupting the baseline. Floats with radar reflec-
tors were built and deployed for this purpose. Unfortunately,
one of the transponder/mooring assemblies disappeared after the
first transponder-navigated areal survey. It was then decided
that the surface markers only attracted attention and thus were
a8 greater threat to the maintenance of the baseline than was
inadvertent dragging up of a subsurface mooring. All later
work employed a subsurface mooring configuration.

To facilitate relocation of the subsurface moorings, espe-
cially during site work between surveys, when the TRANSNAV 6000
system was not aboard the vessel, small 7.5 kHz locating pingers
(ORE Model 285) were attached to the transponders. After using
known Loran-C coordinates to position the vessel roughly over
a transponder, divers used a hand-held locating device (ORE Model
284) to swim to the transponier.

Prior to the second areal survey a new baceline transponder
had to be deployed”at the northeast end of 'he baseline in about
the same location as the former, somewhat reducing our confidence
in survey intercomparisons between the first survey (March 1978)
and all later surveys. Fortunately calibration l.aes were run,
during which Loran-C and TRANSNAV 6000 fixes were simultaneously
recorded, in order to relate each transponder configuration to
the local Loran-C coordinate system. Using the Loran-C coordinate

system common to all transponder configurations, it was possible
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to rotate each survey about the permanent southwest transponder
location with a great degree of confidence (Fig. 4).

In all surveys during which the shipboard X-Y plotter was
used to guarantee nearly complete seafloor coverage with ship
tracks as nearly parallel as possible, ship's position was plotted
every 2, 5, or 10 seconds, as selected. Simultaneously a key-
board nrint-out provided a permanent listing of fix time (hr, min,
sec), ship's position in an X-Y coordinate system related to the
three transponders, ship's course, and ship's speed. This key-
board information was generally requested by the operator every
50 seconds, the fix in question was noted and numbered seguentially
0a the X-Y plotter, and all ongoing geophysical records were time-
event marked and numbered a* the instant of the outgoing pulse
from TRANSNAV 6000 shipboard transducer to the transponders.

The accuracy of the navigation system is estimated by the
ranufacturer to be + 3 meters. An indication of the quality of
this estimate is provided by comparing the three estimates of
baseline length measured during calibration of the June, August,
aind November 1978 transponder grids. These lengths were 882.3 m,

§78.8 m, and 878.9 m, respectively, or 880.0 m + 1.5 m.

Areal Surveys

Data collection was designed to account for likcely response
times of the various sedimentary bed forms present. Monitoring
cI the sand waves required accurately navigated geophysical sur-
veys at intervals of a few months. For this purpose, four sur-

vays were made over a period of 238 days (Table 1l). Each survey
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Figure 4. Relationship between the transponder coordinate systems for each
areal survey and the local loran-C navigation grid. 1In order to relate the
March survey (transponder baseline 2-0) to all the other surveys (traasponder
baseline 2-1), calibration tracks were run in March and June during which
ship positions were recorded relative to both loran-C cocrdinates and the
associated transponder array. Loran-C positions were plotted on the Loran~C
grid, and least-square fits to these less precise positions drawn to best
represent the true ship tracks. Transponder-navigated charts of the same
ship tracks were then fit by eye to their Loran ejuivalents, keeping the
position of transponder #2 common to both surveys. Transponder #2 was known
to be “fixed" by the relation of its anchor to diver-emplaced stakes for the
duration of the study. The excellent control along the NE-SW trend restricts
cignificant alignment errors to small rotations about transponder #2 in a
way that position errors for a given point between surveys wouid incresase wiin
distance from this point, but only in the direction >f tbe cotaticn vzutor
{approximately NW-SE) Position errors in the NW-SE directinn «ic ercg. =
parallel to most sand-weve crests, and are thus far less umportant than °
position errors along trends perpendicular to these crests.
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TABLE 1

TRANSPONDER-NAVIGATED CRUISE SUMMARILS, 1978

Dates Comments
March 20-24 First Areal Survey
June 27-37 Second Areal Survey
July 25-iguat 10 Testing ot Tetrapod System
August 10-1l Third Areal Survey
Sept~5-8 SCUBA Diving Work on Superimposed

Bed Form Migration

Oct 10, 27 SCUBA Diving Woxr!' on Superimposed
Bed Form Migration

Nov 1-10 Tetrapod Deployments

Nov 15-17 Fourth Areal Survey
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used a high-frequency, narrow-beam echo sounder (200 kHz, fish-
mounted transducer, Raytheon Model 719), and sometimes a side-
scan sonar system (ORE Model 170c), all time-correlated to the

TRANSNAV 6000 navigation system.

Site Studies

To study the smaller bed forms superimposed on sand waves,
a tetrapod was designed to support a 35 mm camera and flash, a
4 mHz echo-sounder, and an acoustic-travel-time current meter
with sensors at approxzimately 30, 50, 100, and 300 cm from the
bed (Fig. $). The current meter, coined BASS (Benthic Acoustic
Stress Sensor), was designed anu built at WHOI by Williams and
Tochko (Tochko, 1978).

Because of the extremely complex flow regime within the
sand-wave field, a series of tetrapod deployments was made over
the "first wave" on the ebb-dominated northeastern edge of the
study area. This sand wave was chosen because of its position
dowastream (southwest) of fairly flat sea floor, since this envi-
ronment was expected to be conducive to a simpler mean-velocity
field. In addition, the northeastern end of the transect, upstream
of the first wave, was a site used to establish the “reference"
velocity field against which measurements above sand waves could
be compared. But with respect to smaller bed forms, the compli-
cated sedimentology of this area made it unrepresentative of the
rest of Middle Ground Shoal. Diving observations of the first
wave showed it to be somewhat atypical, with ripple presence
being patchy, apparently in response to local variations in sand

size.
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figure 5. Launch and experiment configuration of the instrumented tetrapod. The

mast to the top velocity sensor is assembled by divers on the seafloor. - The lower
half of the sensor mast is pushed into tihe bottom for stability, resulting in the

100 cm ring being lowered away from the influence of the beam.
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All velocity information was collected on a self-contained
Sea Data digital cassette recorder; each tape could store a2pprox-
imately 38,000 scans of data, corresponding to a maximum data
collection period of 38,000 x 0.75 sec, or just under eight hours.
In order to extend this collection period to cover a full £flood-
ebb tidal cycle, a burst cycle was programmed into BASS (Fig. 6).
The resulting data stream, although still containing approximately
eight hours of information, covered an elapsed time of just under
thirteen hours. The five desired deployments were on five conse-
cutive days from 6 November to 10 November 1978 (Fig. 7).

To monitor migration of larger bed forms superimposed on
sand waves, a diving transect was established over the profiles
of two sand waves. In order to maintain a staked grid over a
period of weeks without any surface expression of its location,
the southwest transponder anchor was chosen as the origin of this
line, since the attached acoustic pinger made diver relocation
easy. Although this site was chosen largely for convenience,
it was representative of the megarippled sand waves on the ebb-
dominated flank of the shoal. A 100 m length of 3/16" nylon
line was marked in one-meter increments, fastened to the tran-
sponder anchor, and staked every five meters at a bearing of
approximate y 230° magnetic. Diver depth-gauge readings were
taken at five-me*er intervals along this tiansect, as weall as
at the crests and troughs of the larger bed forms. Divers occu-
pied this transect on 6 September, # September, 13 October, and

27 October 1978 (Fiy. 8; Transect ¢ of Fig. 9).
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DATA-BURST CYCLE
PROGRAMMED IN BASS

—» CLOCK TIME (minutes)

C'g 15 31 55 71 95
on 15 "off 16° on 24 'off16' on 24"

—» MAGNETIC -TAPE TIME (minutes)

= ! : ' 1
O 15 15 39 39 63

(XX

q-

16:mihute blanks in data T
stream

Here,95minutes ~
after turning BASS on,

63 minutesof velocity data
have been recorded.

Figure 6. On/off data acquisition cycle programmed into BASS. Afte:r an ini-
tial "on" period of approximately 15 minutes (1200 data scans at a 0.75 sec-
ond interval), during which the plastic bags provided zero-offset data for
each sensor pod, BASS recorded data in a l6-minute off (1280 scans)/24-
minute on (1920 scans) cycle. A “"clear Jleader” of magnetic tape delayed
data acquisition after BASS was turned on for 50 to 150 scans, reduciny

this first "on" cycle to 13.1 to 14.4 minutes. The exact scan count for
this first cycle was read from analog records of the raw BASS data (made

for determining zero offsets}, and all velocity calculations run for time
blocks exactly divisible into 24 minutes starting at the end of this first
data cycle.
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§ Figure 7. Transect of tetrapod deployments in map and

' profile view. The two bathymetric profiles of 11/15/78,

: whose track lines are shown dotted, have been projected
to the solid straight lines which best represent their
mean bearings, and these idealized track lines have been
made l4-meter datum levels. The central profile, for-
which there is no track-line coverage, is an interpo-
lated profile for this intervening position, the lack
of a double crest reflecting diver observations over
the crest of the trough deplovment site. The trough-

‘ to-crest height dravn on thir interpolated profile

: also reflects depth-gauge measuremante made by divers

; during this experiment. The tetrapod deployment sites

: can be scen relative to the profiles, the tetrapod

; having been drawn to scale.

The transponder-navigated grid can be referenced to
Figure 4. The tetrapod sites in map view are showvm
as circles relative to this grid.




15

|

(IN) Q14O NOILVOIAVN-43ANOJSN VN L
ose- . 00p- oSy~

] Il . 1 ]

b oG

(44
O o
|7, = u
yidap ur wpi= 83 .
saulj-doed} pazijeap| o3 5
Y o~ a
G w\m i
FOOE+
-
~0GE+

8L/0L/t

QLIS (8L61°01- AON) SIN3WAOId3d QOdVYLIL




*8L61 xoquoizdas ‘.w uo 3093sueal) HBurAIp BYI ka0 uIye3] SeM PIOOAX OFaIsuWAyljedg
*patang S2°M SUTT poinsesuw aI1aym aaem Jo 3aed sajeoypur 3T¥3oxd gL/Lz/0T FO 3aed pajzed
*D jo9suexl ‘uoyjeirbiu arddrrebow Jo sjusmPINSLIWM VENDS FO uweibeip Lrxewwms g 3xnbTI

() LOISNVHL ONIAID ONOTV 3ONVLSIA
Q_ 0,02 OF Oy 0S 09,6 0L, 08 06 OO

8L142/01

ajijoud palejoddaul e
QN\NN\OP w on °TTTTT
wh\mp\ow 1] (1) _—
8L/8/6 JO dAIp—

Gt

(w) yydop v SR I
Ot

N\

. — . . {— zl’l_,.r!,-l.lll‘l_..‘llnl —

- | Y, ¥

- sl

—————

1| | g yepuddsuedy oAb L
] _ - i
N - ’ b ﬂm‘ - a.ll + lﬁi
_ . Y N 3 [ ) 4 R | Y B A R “
: os} o 2> M} Y E A EEN EE DS AR B Y A
w S T 3 «. s a AR EREY )

AR S i g by b n




*Teoys ayl jo Yuwvil
palRUTWOP-POOT3 Y3 uUC SSvd JO Juamhordsp 3IS33 ¥ JO UOTIEI0] pue J-¥ S3dosuexy
furdwes juswypas jo uo;, - ~od Bbuymoys TeOYS punoln STPPIW MS 3O IXYD 6 aanbta

17

~-8LB%E 2 p0S 00y ODE 002 001 O
sL/y-8L/18/3 & T MR RS M R
8L/e/-8LAT 0 ; . sSJa3law

suapuodsueJds 3k )
\l.'ll
S

(SJ4939W)
T3AANAT VvVAS




R

o

e o

T TR LR RT TR T AT oy

AR A TS e a3 NV s

S o - < RS R T T g T AT

.. 18 |

Since it was known that grain size varies sharply over short
distances on the shoal because of the presence of the sand waves
themselves, it was decided not to make an areal survey of sedi-
ment size. Instead, diver-collected bottom samples were taken
at tetrapod sites, and sampling transects (45-105 m long) were
carefully laid out over individual sand waves using the same

techniques as for monitoring bed-form migrations (Fig. 9).
Results

Basic Features of the Shoal

Comparison of the chart of depth below mean sea level (Fig.
9) and the chart of sand-wave profiles (Fig. 10) shows that the
trend of the 17 m and 18 m isobaths in the north-central portion
of the study area expresses well the boundary of the sand-wave
field. The "first wave," chosen for detailed flow measurements,
can be seen on Transect D in Fig. 9. Sand waves on the northern
flank are ebb-dominated (lee slopes facing southwest), and those
on the southern flank are flood-dominated (lee slopes facing
northeast), reflecting the pattern of tidal flood and ebb domi-
nance. A band 100-200 m wide lying roughly al. ng the crest of
the shoal (dashed in Fig. 9) is best described as a zone of syr-
metrical sand waves.

Analysis of sand-wave height and spacing shows that the mean
spacing of the asymmetrical forms (74.9 m) is approximately 1.7
times that of the symmetrical forms (45.2 m), while the mean
height of the ebb-oriented waves (3.44 m) 1s greater than that

of eitaer the symmetrical (2.39 m) or the flood-oriented (2.46 m)
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Figure 10. Chart of bathymetric profiles projected along track
of 28-29 June 1978.
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waves. There does not appear to pe any correlation between local
sand-wave height and water depth. Further analysis of Fig. 10
shows that the ebb-oriented waves on the northern flank tend to
have stoss slopes ranging from concave to slightly convex, the
larger ones often covered with smaller bed forms. The flood-
dominated szuthern flank, however, generally exhibits sand waves
with rather convex siopes, far fewer showing superimposed bed
forms. Many of the ebb-oriented waves are reminiscent of the
“cat-back" profiles first described by Van Veen (1935), while

the flood forms are more like riprle profiles generated by uni-
directional flows in flumes. Sand on the northern flank is
coarser than on the southern flank (0. 71 mm vs. 0.34 mm), although
many more samples must be collected to characterize better the
southern flank.

Observations on sediment size, combined with 2 simple ana-
lysis of incipient conditions for pbed-load and suspended-load
transport (Miller et al., 1977; Bagnold, 1966) and with an esti-
mate of the relative importance of tidal drifts on opposite sides
of the shcal, suggest that suspension transport of sediment is
far more important on the southern, flood-dominated flank (Briggs,

1980).

Local Mean-Velocity Field

The results of our preliminary analysis of the mean-velocity
data collected over the profile of the first wave is summarized
in Figs. li-15, in which all velocities are 8-minute averages

(each 24-minute data acquisition cycle of BASS is summarized by
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% three 8-minute means). Fig. 11 shows the tidal curve one meter

| from the bed at each of the deployment sites; Fig. 12 shows these
curves superimposed on a single time axis for intercomparison.
The tidal curves are quite regular and sinusoidal, except for
the trough experiment (7 November), which shows tne effects of
sheltering by tne sand wave. Maximum ebb velocities exceea
flood velocities, as expected for this ebb-~dominated sand wave,
and the duration of tne ebb tide (averaging approximately 6 hr
23 min) exceeds that of the flood (5 hr 55 min). A very regular
and symmetrical pattern of flows between the ebb and flood gquadrants
was recorded in the sand-wave trough, with an average duration of
33.5 min for each cycle. There is a regular progression in velo-
city maxima over the sand-wave profile (Figs. 12 and 15) which
matches the trend that would be predicted for turbulent flows
accelerating over a topographic high, except that flood veloci-
ties were unexpectedly strong on 9 November and epb velocities
were unexpectedly strong on 10 November. This may be explained

by weather conditions, all deployments of the tetrapod navang

been made on calm days except on 9 November, when strong SW winds
caused surface waves up to 1.5 m high. This weather event, while
enhancing flood velocities and decreasing ebb velocities during
the strong winds (9 November), may welil have resulted in coastal
setup which enhanced epb velocities and reduced flood velocities
after the winas abatea (10 Novemper).

With only minor exceptions, the tidal ellipses were measured

Ceical

one meter above the bed. all show a counterclockwise rotation,

which matches the net counterclockwise circulation in Vineyard
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Figure 11, Variations of U. (eight-minute nsans) with
time for each tetrapod experiment. Sand-wave profile
shows position of expseriments relative to the wave, and
flow-direction key illustrates basis for plotting vulo-
cities on flood or ebb side of zero-velocity line. The
10 November experiment started in early ebb tide, while
all others started befors flood. The end points of the
10 November tidal curve are lettered to show how these
data were time-reversed to match the other deployments
(see Fig. 12).
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Sound (Fig. 13). The trough site shows ebb flows deflected sig~
nificantly to the left, often at 90° or more fvwom the direction
of ebb flow over the crest. Veering of the current at each site,
ranging up to 20°, is significant (Fig. 14); there is generally
a counterclockwise rotation with increasing height, although

the 9 November results are significantly different, probably
bec:use of surface waves. The trough site shows veering in
exactly the opposite direction.

Velocity profiles at maximum ebb and maximum flood are
reprodvced in Fig. 15. Ebb profiles show near-bed acceleration
up the stoss slope and reversed flow in the trough. As expected,
logarithmic fits could be applied only during maximum ebb flows
at the upstream site (10 November) and the crest site (8 November);
the logarithmic layer was only 1 m thick at the latter site.
Average values of Z, found from those profiles with linear-
regression correlation coefficients > 0.9500 (Harvey and Vincent,
1977), were 0.69 cm and 3.79 cm for the 10 November and 8 Novem-
ber sites, respectively; these large values can be explained
fairly well by estimating the thickness of the layer involved in
bed-load transport (Owen, 1964; Smith and MclLean, 1977a). Values

of u, for these two stations averaged 5.68 cm/sec and 9.64 cm/sec.

Cne of the most important aspects of these velocity measure-
ments which may bear upon the migration patterns to be reviewed
below is the cross-shoal component of flow measured in the sand-
; , wave trough. All the characteristics of the flow field described
above are consistent with a helical-flow pattern (Faller, 1963;

: Allen, 1970). Heiical flow in sand-wave troughs may be an impor-.
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figure 13. Tidal ellipsés-loo cm above the bed, stacked in same order as
previous figures. Numbers at tips of velocity vectors are time marks of
Fig. 12.

¢




27

i CURRENT VEERING

EBB(TMENI) FLOCO(TME*3)

100

-1
is E

]

(emAee)
P ————
0 10 20 ¥ ®

figure 14. Mean-velocity vectors at time of maximum ebb (13) and maximum
flood (3) for all four sensor heights. Colors are keyed to sensors at right
1 of figure. Experiments stacked in same order as in Fig, 13.
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tant mechanism for sediment transport parallel to sand-wave crests
and at right angles to the axis of the shoal. Symmetrical sand
waves might show similar helical £flows that move sediment parallel
to the crests; troughs of these sand waves would then serve as
conduits for transport of sand from one flank of the shoal to
the other even though the waves involve zero net transport of
sediment normai to crests, as shown by the absence of net migratien.
In this regard, Bokuniewicz et al. (1977) observed that the aver-
age flow in an area of symmetrical sand waves is parallel to the
wave crests. Further, if these helical flows can indeed trans-
port significant guantities of sediment, they might help explain
the sand-wave "flexing” documented in detail by us (see below)
and reported by other workers (Terwindt, 1971; Langhorne, 1973)
since the associated cells of net sediment drift along sand-wave
crests could result in local sites of erosion and accretion.
Helical secondary flows probably explain the bed forms
oriented parallel to the main flow that are often seen in the
troughs of large transverse bed forms (Hunt et al., 1977).
Examples of these bed forms can be seen in Fig. 16 in a section
of a side-scan record collected over the first sand wave but

nortli of the tetrapod transect.

Sand-wave Crest Patterns

Charts of crest position were produced by combining side-
scan charts with the bathymetric track-line data on crest posi-
tions (Fig. 17). These charts show not only that sand-wave crests
are rather similar in bearing across the shoal, but that in some

cases a given crest can be followed from one flank of the shoal
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to the other. These crests are oblique to the shoal axis by

as much as 30 degrees (Fig. 17). Close examination of the crest-
position charts suggests that the bearing of these crests changes
from approximately N63°W on the southern flank of the shoal to
approximately N51°W on the northern flank.

Survey intercomparisons show several important features
(Fig. 18). First, as suggested by other workers (Langhorne,
1973; Pasenau and Ulrich, 1974; Bokuniewicz et al., 1977), sand
waves show "flexing" of crests: migration is variable rather
thar uniform along crests, and in some cases even involves alter-
nation of segments showing net forward and net backward displace-
ment. Uespite this flexing, sand waves on the northern ebb-
dominated flank tend to show net displacements to the southwest
and those on the flood-dominated southern flank tend to show
net displacements to the northeast. Even in the beitt of the
symmetrical sand waves there has been some local sand-wave
movement between surveys, in some places to the northeast and
in some places to the southwest.

The cause of sand-wave flexing is not yet known. Better
understanding of flexing may come from the observed patterns of
ebb and flood cells of net migration. On the northern flank of
the shoal, for which there is a reasonable data base on sand-
wave migration patterns, there appears to be some degree of
coherence or continuity between areas of positive (southwestward)
and negative (northeastward) displacement along adjacent sand
waves. This in-phase flexing may indicate the presence of small

ebb parabolas within the large ebb parabola which domirnates the '
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Fignre 18, Intercomparison of crest-position charcts for
the March-November areal surveys. The 50-100 m wide band
which runs roughly NE-SW midway between transponders de-
lineates the area of symmetrical sand waves. The earlier
crest positons were drawn without the dots which represent
their crest/track-line intersections, while the more re-
cent crest positions include these points to make possible
their differentiation. Displacements were then shaded to
show net ebb (to SW) and flood (to NE) displacements.
Dashed lines delineate either crest lines of bed forms
smaller than sand waves which still could be correlated
from track to track (these features often being suparim-
posed upon the larger sand waves), or, where daca were
minimal, simply tentative correlations.
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sand-wave morphology of this flank of the shoal (Fig. 19). This
concept is a small-scale analoy to that of tidal parabolas de-
scribed by Van Veen (1Y35). The migration patterns on Middl.
Ground Shoal suggest that these large~scale tidal parabolas may
be very complex: each may contain localized "channels" with
net seGiment drift opposite to that of the larger parabola in
which they lie. These localized channels or net-drift para-
bolas, whose width and length scales are similar to sand waves,
are transient in their location and even in their existence,
probably owing to complicated effects of topography on the tidal
flow or to unknown effects of storms. More detailed study of
local transport directions, perhaps by detailed mapping of the
asymmetry of smailer bed forms superimposed on the sand waves,
is needed to evaluate the importance of small ebb and flood
parabolas.

Another point, discussed most easily with reference to Fig.
17, has important implications for the zone of symmetrical sand
waves. Consider a sand-wave crest that is continuous across
the shoal from flood-~dominated flank to ebb-dominated flank.
Our results show that, on the average, one end of this crest
migrates in a direction opposite to that of the other end, with
the intermediate zone (where the waves are symmetrical) serving
as an approximately fixed point or pivot. If left to continue
indefinitely, this pattern of migration would result in bending
of the sand wave abcut this pivot until the overall trend is
much more nearly pirallel to the crest of tho shoal. Sand waves

would then migrate nearly straight up the flanks of the shoal.
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Because our survey intercomparisons show that the trend of sand
waves across the shoal remains fairly constant as the waves
migrate in opposite directions on the opposite flanks, the con-
tinuous crests must ultimately break within the symmetrical zone
by joining or branching with waves on either side.

-Although considered only qﬁalitatively here, the resulting
picture of the symmetrical zone as an area of sand-wave intersec-~
tion and overlap may help explain why symmetrical sand waves
show smaller average spacing than asymmetrical sand waves. If
two parallel sets of sand waves, one with uniform spacing of
80 m (approximately the mean spacing of the ebb-dominated sand
waves on Middle Ground Shoal) and the other with uniform spacing
of 70 m {tne mean of the flood-dominated waves), are superimposed
within a band of overlap, the average spacing of waves within
the overlap region is about 45 m, if spacings less inan about
15 m are excluded (Fig. 20). Although i* might seem artificial
to ignore these smaller spacings simply because bed forms with
such spacings have been defined as megaripples rather than sand
wavls, observations suggest that when two sand waves are nearly
collirear one tends to become a magaripple superimposed upon
the other. Fur .more, if these two wave sets merge at some
small angle, as is the case on Middle Ground Shoal, the possi-
bilities for branching, coalescence, and superposition are made
all the more likely by the increased occurrence of intersections.

Comparing this mean "symmetrical" bed-form spacing of about
45 m with the average of the flood and ebb bed-fcrm spacings,

we find that the mean spacing of these asymmetrical forms is




SCHEMATIC OF SAND-WAVE CREST PATTERNS,
MDDLE GROUND SHOAL

Ebb-DominateXd
Sand-waves

(A»=80m)

Flspd-
oxninated
AnC\Waves

(A =7&<n)

Figure 20. Cartoon to illustrate the concept of intersecting and over-
lapping sand-wave trains in the area characterized by symmetrical sand
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approximately 1.7 times that of the symmetrical forms. Although
the symmetrical part of the shoal lies along the complicated
boundary between the ebb-current and flood-cur:ent parabolas,
and is thus in an unusual dynamic setting, this analysis shows
that the spacing of these bed forms may reflect a fairly simple
intersection of two effectively independent sand-wave trains.
Further study of this "zone of intersection" is reeded,

Sand-wave branchings seem to be clusely related to the large
bed forms superimposed on the sand waves. As two sand waves
coalecsce, the crest of the trailing wavc seems tc become a super-
irposed bed form on the back of the leading wavs, unlike the
"tuning-fork" junctions seen in some other kinds of bed forms
(Hollister et al., 1974) in which each crest is equally identi-
fiable until they join to form a singie crest. Thesec observations
raise the difficult question of when the subsidiary sund-wave

.28t ceases {0 be a small sand wave and becomes instead 3 mega-
ripple. In view of the present confusion in classificuation of
large-scale bed forms, we are not yet certain that this guestion

is aven a meaningful one.

Sand-wave Migration Rates

Point measurements of sand-wave migration range from -36 m
to +48 m from 23 March to 30 June 1978, (Positive values indicate
southwestward migration on the ebb flank and northeastward migra-
tion on the flood flank.) When extrapolated, these measuraments
give migration rates of -133 m/yr to +177 m/yr, respectively.

Looking instead at the longest record of sand-wave migrations,




N

from 23 March to 16 November 1978, these point measurements are
~26 m to +43 m, equivalent to yearly rates of -40 m/yr and +66 m/yr.
These measurements ave only an approximate indication of the max-
imum range of migrations that might be measured on Middle Ground
Shoal, and they ace somewhat difficult to interpret because they
were measured without regard to local sand-wave height. Also,
in view of the problems inherent in extrapolating these short-
period observations to much longer periods, it would be highly
desirable to obtain longer records of sand-wave migration.
Fig. 21 shows sand-wave migrations averaged along the crest of
each wave; the number in parentheses for each wave is the average
migration rate linearly extrapolated to one year of observation.
Average yearly migration rates range from nearly zero to
aliout 40 m/yr. As a partial test of these values, bhathymetric
and side-scan sonar records collected prior to this study (on
6 April 1976, 5 August 1976, and 9 June 1977) were plotted at
the scale of the transponder-navigated surveys along with the
crest positions as of November 1978 (Fig. 22). Since these ear-
lier cruises were navigated by Loran-C only, much greater error

bars determined from the intercomparison of Loran-C and transpon-

der coordinates shown in Fig. 4 have been indicated for these
wave-crest positions. The basic appearance of the northeastern
boundary of the sand-wave field has remained very similar.

Although crect positcns are more difficult to identify over

g{
é
|
§

these longer time intervals, the position and character of the

KT

first wave makes it uniquely suited to a test of the migration

TN

rates found in this stuay. Assuming that the crest of the

ST T T RUAR TR TN ey
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first wave nas always migrated southwest at approximately

25 m/yr, its position on 6 April 1976, 5 August 1976, and 9

June 1977 should have been upstream of the 16 November location
by 65 m, 57 m, and 36 m, respectively. The actual locations are
62 m+ 30 m for the 6 April 1976 data and 40 m + 30 m for the

9 June 1977 data (Fig. 22). The 5 August 1976 tracks seem to
show no net movement, or even negative movement, although the
more southerly of the two 5 August tracks can be shifted north
within its positional error bars in such a way that it too shows
little net movement. All of these values are reasonably consis-
tent with the later measurements of migration rate. The April
1976 and June 1977 results match the predicted locations extremely
well, while the August 1976 results show (as this study would
predict) that point measurements may indicate movements in either

direction, if at all.

Sediment Transport Rates

Fig. 23 presents sand-wave migration data as a function of
sand-wave height, based on migration values from the period
March-November 1978. Superimposed upon this plot are curves of
constant transport rate qg per unit width of flow; dq = %%, where
M is migration distance, H is sand-wave height, and t is period
of coservation (Simons et al., 1965). Note that there is a
wide range of actual migration distances for each sand-wave
height, although the spread diminishes as sand-wave heights in-

crease. This shows that the actual point measurements of net

migration on Middle Ground Shoal do not tear a simple relation
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MIGRATION VS. SAND-WAVE HEIGHT,
MIDDLE GROUND SHOAL
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Figure 23. Relation between sand-wave height and net migration (period
of 23 March-16 November 1978) with theoretical curves of constant sedi-

ment flux J overlaid.

(J curves agsume migration of triangular bed forms

without change in shape, flux in m”/m/238 days.)
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to sand-wave height. The existence of a range of migration
rates for each bed-form height is of course consistent with our
observation of sand-wave flexing.

The lack of data points showing large migrations of the
smaller bed forms, values that wouald correspond to the same
sediment~flux curves predicted on the basis of the larger sand
waves, can be explained in part by our inability to monitor these
hypothetical migrations by surveys spaced months apart. That
is, a sand wave L.0~3.5 m high with a net migraticn distance
equal to the 80+ m predicted by these curves would have migrated
more than the spacing of many sand waves on the shoal, and in
so doing would probably have coalesced with the next sand wave
ahead, thus preventing confident crest-t.-~crest correlations
over the eight-month study period. The general aifficulty of
making confident crest correlations from March to November defi-
nitely biassed this data set toward the smaller migration dis-
tances seen for these waves.

The greatest measured migration distances show a reasonable
fit to the curves of constant Ugr suggesting that a long-term
study of migration over a substantial part of the sand-wave field
is needed for detection of these maximum potential migrations.
The fit of these optimum migrations on the flood and ebb flanks
o the shoal to the trend of the qgq Curves suggests a largyer
average g, on the northern flank tharn on the southern flank.
However, use of Kennedy's (1969) equation to separate total

saediment transport into bed-load and suspended-load components
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suggests that total sediment transport may be greater on the

flood flank. This result is in agreement with the qualitative
arguments presented earlier to explain the morphclogic differences
in sand waves ketween the two sides of the shoal.

Average sediment transport rate associated with sand-wave
migration on Middle Ground Shcal, uncorrected for porosity, seems
to range between 75 and 125 m3/m/yr (Fig. 22), or when corrected
for porosity, 44 and 74 ma/m/yr. These values are very similar
to those estimated by Jones et al. (1965), Terwindt (19/1), and
Bokuniewicz et al. (1977), their porosity-corrected sediment
transport rates equalling 30-56 m3/year, 31.5 m3/year, and 54-
151 m3/year, respectively.

SCUBA diving observations documented the migration of bed
forms 0.5-2.0 m high up the stoss slope of larger sand waves at
average rates of about 80 m/year. A simple conversion of these
migration rates to values for average sediment discharge qg
per unit width of flow (Simons et al., 1965) suggests volume
transport rates, for an average megaripple height of 1.5 m, of
60.4 m3/yr before correction for porosity. Thus, migration of
megaripples (or small sand waves?) on the large sand waves
seems to account for most or all of the sand transport involved
in the large sand waves themselves, as should be expected if
sand transport in suspension over the superimposed bed forms is

unimportant. Calculated sediment transport associated with

\ ripple migration, using miyration data from Puget Sound (Kachel

and Sternberg, 1971), is an order of magnitude less than needed

RN T R N

to account for the observed sand-wave migrations. Local sus-
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pended~load transport on a scale larger than ripples but smaller
than megaripples must therefore contribute significantly to sand-

wave migration.
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